
Carbohydrate Research, 132 (1984) 209-220 
Elsevier Science Publishers B.V., Amsterdam -Printed in The Netherlands 

ELECTROKINETIC STUDIES OF THE TESTOSTERONE-AQUEOUS D- 

GLUCOSE INTERFACE 

MAHENDRA L. SRIVASTAVA AND BALI RAM 

Department of Chemistry, University of Gorakhpur, Gorakhpur 273 001, U. P. (India) 

(Received March 12th, 1984; accepted for publication, April 4th, 1984) 

Electra-osmosis and streaming-potential measurements were made across a 
testosterone-plug membrane, using water and aqueous solutions of D-glUCOSe as 
permeants. The electrophoretic velocity of testosterone particles dispersed in these 
solutions was also measured, experiments being confined to the range where linear 
flux-force relationships hold. Phenomenological coefficients were evaluated by 
using these linear relations, and the results analyzed in the light of the ther- 
modynamics of irreversible processes. Saxen’s relationship holds between electro- 
osmosis and streaming potential. Concentration dependence of the various 
phenomenological coefficients was also examined. Cross-phenomenological 
coefficients were found to decrease with increase in the concentration of D-&COSe 

solutions. The results are explained on the basis of strong hydrogen-bonding be- 
tween D-glUCOSC and the surrounding water molecules. Such membrane parameters 
as pore size, average number of pores, and the membrane constant were evaluated. 
Electra-osmotic and electrophoretic data were used to estimate the zeta potential, 
in order to characterize the membrane-permeant interface. The dependence of the 
zeta potential on the concentration was also examined. 

INTRODUCTION 

Lipids and proteins’ constitute the most essential part of biological mem- 
branes, and carbohydrates are also found in biomembranes’. Carbohydrates at- 
tached to lipoproteins and situated at the outer surfaces of membranes act as bind- 
ing sites for various chemical compounds. Biological membranes are structurally 
very complex, and hence, model membranes that are artificial analogs of natural 
membranes3r4 have been studied in order that the transport behavior of natural 
membranes may be understood. It may be noted that these model membranes pos- 
sess certain dimensional, electrical permeability, and excitability characteristics 
that mimic the behavior of biological membranes4. 

Electra-osmotic and electrophoretic transport studies on membranes of 
biologically important materialss36 have recently been made from the standpoint of 
the phenomenological theory of irreversible thermodynamics. Electra-osmosis, a 
nonequilibrium phenomenon, has been extensively investigated, because of the 
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ease with which it can be measured and its various technological and biological ap- 
plications. In earlier communications6,7 we reported results of a physicochemical 

study of a testosterone interface indifferent types of electrolytic and non- 
electrolytic solutions of NaCl, KCl, MgC&, and urea. 

Electrokinetic studies conducted with a testosterone-plug membrane, and 
using water and aqueous solutions of D-glucose, a compound of great physiological 
importance’, are now reported. The membrane used in the present investigation 
was not a model membrane, but the results obtained with it may be helpful in un- 
derstanding the electrical nature of the membrane-permeant interface. Such 
studies are important in view of the fact that surface activity and biological effects 
are closely related’. 

EXPERIMENTAL 

Testosterone, obtained from Sigma Chemical Company (Saint Louis, 
U.S.A.), was used as such. D-Glucose (AR, BDH) and double-distilled water were 
used in these studies. 

The method of preparation of the membrane plug and the electrodes, the ex- 
perimental set-up, and the procedure for the measurement of various transport 
properties have already been reported’j. Potential differences of up to 50 V were 
applied with the help of an electronically operated power-supply (Toshniwal and 
Company, India), using cylindrical, silver-silver chloride electrodes which pressed 
the membrane surface on both sides. Almost the entire membrane area was 
covered by the electrodes. The volumetric flux induced by the pressure difference 
and the potential difference was measured as described earlier6. The conductance 
of the membrane equilibrated with the permeant was measured with an A.C. con- 
ductivity bridge (Toshniwal, India) at 50 Hz, All measurements were made on sys- 
tems in an air thermostat maintained at 30 20.5”. 

RESULTS AND DISCUSSION 

According to nonequilibrium thermodynamics”, the volumetric flux, J,, and 
electric current, I, through a permeant-equilibrated membrane under the simul- 
taneous action of a hydrodynamic pressure difference (AP) and an electric poten- 
tial difference (Ac$) are given by 

J, = LI1/T . AP + LIZ/T . AqS, (1) 

and 

I = br/T. AP + L&T. A4, (4 

where the parameters Lij (i,j = 1,2) are called phenomenological coefficients. 
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Fig. 1. Hydrodynamic permeability curve for the testostcronc-o-glucoscwater system. Key: I, water; 
II, O.lmM; III, 0.2mht; IV, 0.4mM; V, 0.6mM; VI, mM D-glucose.] 

Eq. I predicts a linear dependence between (i) the hydrodynamic volume 

flux (J,)A+, and AP, and (ii) the electro-osmotic volume flux (J,)Apzo and A4, as 

shown in Figs. 1 and 2. The values of the phenomenological coefficients L&Y and 

L,,iT, obtained from the slopes of Figs. 1 and 2, are recorded in Table I. Eq. 2 pre- 

dicts a linear dependence between the streaming potential (Aqb),=, and AP, as 

shown in Fig. 3. Thus, from Eq. 2, 

(3) 

where L&T is defined as the conductance of the membrane equilibrated with the 

permeant. Its value was determined by measuring the conductance of the mem- 

brane-permeant system with a Toshniwal conductivity bridge. The product of the 

slopes (L,,/T)/(~ziT) and L&T yielded the value of L&T. The values of these 

phenomenological coefficients, recorded in Table I, validate Saxen’s relationship 
within the limits of experimental error. It may be noted that (A+),=, was deter- 

mined by measuring the potential differences at a particular pressure AP, and the 

potential difference at AP = 0, and taking their difference. 
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Fig. 2. Electra-osmotic permeability curve for the testosterone-t+glucose-water system. [Key: I, 
water; II, O.lmM; III, 0.2mM; IV, 0.4mM; V, 0.6mM; VI, mM D-glucose.] 

Electophoretic migration of testosterone particles dispersed in these solu- 
tions occurs towards the negative electrode, and the following linear equation 
satisfies the experimental data. 

where L&/T, the electrophoretic transport coefficient, has the value 

(4) 

(5) 

c and q being the dielectric constant andviscosity of the aqueous solutions of D-glucose 
in which the testoterone particles are dispersed to form a homogeneous suspension, 
&,, is the zeta potential, and 1’ is the distance between the two electrodes of the elec- 
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Fig. 3. Variation of streaming potential with pressure difference for the testosterone-D-glucose-water 
system. [Key: 1,water; II, O.hM; 111,0.2m~;IV, 0.4mM;V,0.6mM;VI, mM D-glucose.] 

trophoretic cell. The values of L$T as obtained from the slopes of linear plots of Eq. 
lare recorded in Table I. 

Estimation of membrane parameters. - The membrane was characterized by 
estimating the values of various parameters, e.g., average pore-radius (r), average 
number of pores (n), and the membrane constant (K,) by using the relation& 

L22m. K,=AJl= - 
X 

(8) 

The values of these parameters are recorded in Table I. 
An examination of Table I reveals that the magnitude of Lrr/T follows the 

trend (LrrWwater > (LIIWD-~I~~~~. This is attributable to the structure-making 
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property of D-ghCOSC. It may be inferred that the structure-making tendency fol- 
lows the order D-ghCOSe > water. 

Electra-osmotic flux occurs towards the anode. This may be explained on the 
basis of an electrical double-layer formed at the testosterone-solution interface. 
Testosterone has the following molecular structure. 

0 

The presence of (i) d+=O’- at the a-carbon atom, (ii) 7r-electron density 
around the olefinic bond, and (iii) the oxygen atom of OH-5 suggests the possibility 
that these might be collectively responsible for generating an overall, negative 
charge at the testosterone molecule present on the matrix of the membrane. D- 

Glucose shows negative excess heat, entropy, free energy, and volumes”, indicat- 
ing that it is in a state of strong hydrogen-bonding with surrounding water 
molecules. The possible mechanism for the formation of a hydrogen bond is now 
outlined. The water molecule dissociates as follows. 

Hz0 + Hz0 zz H:O + OH- 

The hydronium ion is adsorbed at the negatively 
shown in Fig. 4, and forms the I.H.P. The H+ ions 

0 

Mem bran? 
surface 

charged, membrane surface, as 
at I.H.P. form strong hydrogen- 

Fig. 4. Structure of the electrical double-layer at the interface of the testosterone-o-glucose solution. 
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bonds with the oxygen atoms of the hydroxyl groups present in the D-&COSe 

molecule, forming the O.H.P. The OH- ions are present in the bulk of the solu- 
tion, and are also present in the diffused part of the electrical double-layer. Thus, 
electro-osmosis occurs from the negative to the positive electrode. 

During electrophoresis, the testosterone particles are surrounded by the 
positively charged dipoles of the permeant, thus facilitating the migration of parti- 
cles towards the cathode under the influence of the applied potential gradient, as 
observed experimentally. 

Estimation ofzetapotentiuls. - Electrokinetic effects are observed in porous 
membranes because of the formation of an electrical double-layer at the mem- 
brane-permeant interface. According to Overbeek”,the rate of volume flux as a 
result of application of an electrical potential difference (A$) and a pressure differ- 
ence (AP) across the membrane is given by 

(Jy)+o = ns;;ic_o. . &, 

and 

(10) 

Within the range of the experimental investigation, comparison of Eqs. 9 and 10 
with Eq. I gives 

(11) 

(1-a 

The value of [,.,. can be estimated by combining the membrane conductance data 
and the electro-osmotic flux data. The conductance of the membrane equilibrated 
with the permeant may be expressed by Eq. 13. 

Using Eqs. II and 13, it is found that 

(13) 
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le., = %,Y ~ . (L&) x 90 kV. 
E MT) (14 

From electrophoretic-transport data, the zeta potential is given by following equa- 

tion 

le.*. = y - (L;*/T) esu, 

or 

(,,,, = y . (LTJr) x 90 kV. 

The calculated values of zeta potentials using Eqs. 14 and 1.5 are given in 

Table I. It is obvious that the value of the zeta potential decreases at higher concen- 

trations. This behavior can be explained on the basis of an altered structure of 

water that is likely to affect the electroosmotic and electrophoretic behavior. The 

dependence of the zeta potential on the concentration can be expressed by the fol- 

lowing empirical equation’ (see Fig. 5). 

5 = A - B log C, (16) 

-4.0 - 3.8 -36 - 3.4 -3.2 -30 

log c 

Fig. 5. Variation of the zeta potential with the concentration of the D-ghCOSC solution. [I, From electro- 
osmosis; II, from electrophoresis.] 
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Fig. 6. Variation of I&T with the concentration of the D-ghCOSe solution. 
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Fig. 7. Variation of L,,/T with the concentration of the D-ghCOSe solution. 
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Fig. 8. Variation of L,$T with the concentration of the D-&mSC solution. 
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Fig. 9. Variation of L;JI’ with the concentration of the D-ghCOSe solution. 

where A may be taken as an approximately constant quantity for conditions under 

which the charge on the membrane surface does not change sign and B is another 

constant. 

Concentration dependence of phenomenological coefficients. - The 

dependence of phenomenological coefficients on the concentration of D-ghCOSe so- 

lutions is shown in Figs. 6-9. The coefficients L,,, LIZ, and L72 are found to de- 

crease with the concentrations whereas Lz2 remains almost constant. The results 

may be explained with the help of Eqs. 5,11, and 12. According to these equations, 

it can be shown that 

and 

provided that n, 7r, E, and 1 are constant. 

At higher concentrations, the hydrogen bonding between D-glucose and sur- 

rounding water molecules becomes more and more pronounced, thereby increas- 

ing the viscosity. The decreasing values of 5, and increasing values of n, at higher 

concentrations are such that l/n decreases appreciably. There is no appreciable 

change in the L2 values; this is mainly due to the fact that the specific conductivity 

remains almost unchanged in the range of concentration studied. 



220 M. L. SRIVASTAVA. B. RAM 

ACKNOWLEDGMENTS 

The authors are extremely grateful to Prof. R. P. Rastogi, FNA, Head, 
Chemistry Department, Gorakhpur University, for providing the laboratory 
facilities. Thanks are due the Council of Scientific and Industrial Research, New 
Delhi, for the award of a Senior Research Fellowship to one of us (B.R.). 

REFERENCES 

1 H. R. DOWNES, The Chemistry ofLiving Cells, 2nd edn., Longmans, Green, London, 1963, p. 90. 
2 A. VANDER, J. R. SERMAN, AND D. S. LUCIANO, Humun Physiology, Tata McGraw-Hill, New 

Delhi, 1975, p. 57 
3 M. K. JAIN, Bimolecular Lipid Membranes, Van Nostrand-Reinhold, New York, 1972, p. 21. 
4 H. T. TIEN, Bilayer Lipid Membranes, Dekker, New York, 1974, p. 4. 
5 R. P. RASTOGI, K. SINGH, R. SHABD, AND B. M. UPADHYAY,J. Colloid Interface Sci., 80 (1981) m- 

411. 
6 M. L. SRIVASTAVA AND B. RAM, J. Membr. Sci., in press. 
7 M. L. SRIVASTAVAAND B. RAM, J. Non-Equilib. Thermodyn., in press. 
8 C. 0. WILSON. 0. GISVOLD. AND R. F. DOERGE, Textbook of Organic, Medicinal, and Pharmaceuti- 

cal Chemistry, 6th edn., Lippincott, Philadelphia, 1971, pp. 856-858. 
9 A. FELMEISTER,J. Pharm. Sci., 61 (1972) 151. 

10 A. KATCHAL~KY AND P. F. CURRAN, Non-equilibriumThermodynamics in Biophysics, Harvard Uni- 
versity Press, Cambridge, Mass., 1965, p. 154. 

11 J. B. TAYLOR AND R. S. ROWLINSON, Trans. Faraday Sot., 51(1955) 1183-1192. 
12 J. Th. G. OVERBEEK, in H. R. KRUYI (Ed.), Colloid Science, Vol. 1, Elsevier, Amsterdam, 1952, 

p. 201. 


